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ABSTRACT
We have studied the electronic dispersion of Cu and the Cu/Ru(0001)
bimetallic system using photoelectron spectroscopy. Images of electron emission
from Cu(100), C u (lll), and Cu/Ru(0001) have been obtained using an
ellipsoidal-mirror analyzer (EMA). This energy analyzer collects photoemitted
electrons over a large solid angle, preserving their angular information and
providing an image of intensity versus emission angle. The images provide direct
information on band dispersion.
The surface state of C u (lll) was measured using the EMA at different
binding energies. By combining these images, we have obtained the surface state
dispersion in three dimensional E vs k space. Our results are in excellent
agreement with previous studies and provide a new perspective on studies of
surface electronic structures.
The Fermi surface of Cu was measured in both (111) and (100) directions.
From these images, we have obtained the Fermi surface of Cu in three dimen
sional k-space by using the free electron final state assumption.
The Cu/Ru(0001) bimetallic system with one monolayer Cu coverage was
studied. We have obtained the first observation of the complete Brillouin zone of
the Fermi surface of a two dimensional Cu(l 11) monolayer. Our result is in exce
llent agreement with the calculations of single-layer C u (lll). We have also
studied the interface state of the Cu/Ru(0001) system located at 1.5 eV binding
energy. Our data provide a complete mapping of this state throughout the
Brillouin zone.

CHAPTER 1
INTRODUCTION
1.1

Introduction
The purpose of this work is to provide a method to study electronic

dispersion of metals and thin film systems, especially those properties near the
Fermi surface. The nature and symmetries of the occupied electronic levels at the
Fermi surface determine many of the properties of materials such as high
temperature superconductors and heavy fermion systems [1-3]. As well, measure
ments of the Fermi surface of two dimensional and surface systems will become
increasingly important in thin-film materials [4].
This dissertation presents the development of a technique for measuring
the Fermi surface of a wide rang of materials using photoelectron spectroscopy.
We will first demonstrate that this method can be applied to extract the known
bulk Fermi surfaces and we will then apply the method to new systems with
unknown Fermi surfaces. These new systems, monolayer thin-films, cannot be
studied by any conventional method.
The photoemission technique differs from other conventional methods for
extracting Fermi surfaces in several important ways. First, it can be applied to
impure materials: important in cases of doped materials or materials that cannot
be easily synthesized. Secondly, it can be applied to thin-films from sub
monolayer to bulk and to thin-film heterostructures constructed of layers with
different composition: these are the basis of new magnetic materials, etc. Thirdly,
this technique can be applied to materials at elevated temperatures allowing the
Fermi surfaces of new materials and phases to be investigated. Since this method
is based on photoemission, it also provides information on low symmetry regions
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of the Fermi surface. As discussed below, our data acquisition is highly parallel
making this an ideal method for surveying the Brillouin zone (BZ) of new
materials where the Fermi surface is unknown.
For the photoemission technique, one needs an energy and angle
dispersive analyzer to detect the photoelectrons for a Fermi surface measure
ments. There are two classes of analyzers currently in use.

The class of

traditional instruments includes the cylindrical mirror analyzer (CMA) and
hemispherical analyzer. In the measurements conducted here, we have used an
ellipsoidal mirror analyzer (EMA) which is a display type instrument. In the
usual method of ARPES, a hemispherical analyzer is used to select electrons at a
specific emission angle which determines the wave vector sampled within the BZ.
The binding energies of the electrons are measured at that wave vector. The result
of this measurement is one point in three dimensional k-space [5]. One has to
take several thousand of spectra to form a single image of the Fermi surface [6 ].
Typically this requires days to week of data acquisition. This can be a significant
drawback when time is an important issue. This can be critical when one is
investigating surface prone to contamination or materials whose composition
varies with time. With EMA, a cross-sectional slice of the Fermi surface can be
obtained in 15 minutes. The advantages of using EMA and the principle of
operation of EMA will be discussed in chapter 2.
To demonstrate the ability of the EMA to obtain an image of
photoemission, we first studied the surface state of Cu(l 11) [7]. The surface state
is a two dimensional state so that there is no dispersion perpendicular to the
crystal surface making it easier to interpret. Our results agreed well with both

theoretical calculation and previous high resolution photoemission results. All of
the details of the measurement of this surface state will be discussed in chapter 3.
Our successful study of the surface state of C u (lll) proved that the EMA
is capable of measuring a two dimensional state. To demonstrate its ability to
measure a three dimensional state, we measured the Fermi surface of Cu [8 ]. The
physical basis for the measurement is firmly grounded in the framework of
ARPES and the data is in excellent agreement with previous work. The technique
explicitly provides new information on low symmetry regions of the Fermi
surface and it does not require ultra pure materials or low temperatures. This
means that we can provide information on new materials whose purity has not
been refined. We can also apply the method to temperature regions that have
previously been inaccessible allowing the investigation of phase transitions that
affect the Fermi surface.
Metal interfaces lie at the heart of metallic superlattices, bimetallic
catalysts, micro-electronic devices, and a variety of other important materials
related technologies. Mixed metal systems are superior to their single-metal
counterparts in terms of catalytic activity and/or selectivity [9]. One expects that
the states localized at an interface between two materials to provide important
clues as to the nature of these enhanced properties. We choose Cu/Ru(0001)
bimetallic system as our third system to study for the following reasons: (1) Cu is
immisible in Ru [10] so that there is no diffusion problem when copper is
evaporated onto the Ru surface; (2) the surface energy of Cu is about 2.0 J/m 2 at
room temperature while it is about 3.4 J/m 2 for Ru [11]. This provides the higher
possibility of layer by layer growth of Cu on Ru at room temperature because the
surface energies of two metal satisfy so called wetting condition Ga + Oi - a s < 0 ,

where c a is the surface energy of absorbate, Oi is the surface energy of interface,
and a s is the surface energy of substrate [12]; (3) the band structures of both one
monolayer C u (lll) [13] and Cu/Ru(0001) with one monolayer coverage [14]
have been calculated. The calculation of Cu/Ru(0001) shows that there is an
interface state, i.e. a state which only exists as a result of the formation of the
interface, at about 1.5 eV binding energy. The calculation also shows that for
binding energies less than 1.0 eV, the Ru electronic structure is not affected by Cu
coverage. By studying Cu/Ru(0001), we can get information on both the interface
state to help understand the nature of the interface, and on the Fermi surface
which plays an important role in determining the electronic and chemical
performance of the system. The studies on the Cu/Ru(0001) bimetallic system
will be discussed in chapter 5.
1.2

Theory
Photoelectron spectroscopy is an experimental technique that measures the

kinetic energy of an emitted electron when a photon is absorbed [5,15-17].
Experimentally, one collects and analyzes the ejected photoelectron, determining
its final state. Then, with the help of theory, one retrieves the properties of the
initial state from those of the final state, which is typically a free-electron
state[18]. The analysis of the final state is usually limited to measuring its kinetic
energy, i.e. to determine the magnitude of k. This can be performed with angleintegrated detection, i.e. electrons are collected over a large spherical angle. In
first approximation [19], the curves produced in this mode correspond to the
density of states of the electrons in the ground state of the system under
investigation. This correspondence is limited because of the limitations in the
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angular integration, rigorously, one should integrate over 4n steradians, while in
practice analyzers collect over spherical angles much smaller than 2ji [18]. The
measurement can also be angle-resolved, i.e., the direction of k is measured in
addition to

[18]. Using well-established techniques, it is possible to derive

from k the crystal momentum ko of the electron in the initial state [20]. Hence we
obtain the electronic dispersion of the materials being studied.
To understand the structures or the features in a spectrum, we need to
understand the photoionization process itself.

Photoemission is a dipole

excitation process where the differential cross section is given by the golden rule
expression [5],
( 1)

where Wf and 'Fi are the final and initial state wave functions, A is the vector
potential of the incident light, P is the momentum operator, Ef is the energy of
photoemitted electron, Ei is the initial state energy of the electron, and hv is the
photon energy. Equation (1) can be written as

(2)

This equation contains the salient physics in the photoemission process
including the energetics, momentum conservation, and the polarization depen
dence. The energetic part implies that significant photoemission intensity is
obtained only when the electron final energy, Ef, is related to its initial binding
energy, Ei, by the total absorption of the energy of the photon, hv. We can relate
these energies to the experimentally measured kinetic and binding energies,
Ei=Ef-EBinding where EBinding is measured with respect to the Fermi level and
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Ef = E + O, where the measured kinetic energy E is measured with respect to the
vacuum level. The measured electron energies are then related by the material's
work function, O: E = hv - (Efiinding + <£ )• Since the initial binding energy of an
electronic state depends strongly on elemental identity and the kinds of chemical
bonds formed with neighboring atoms, these binding energies can provide a
wealth of information on wide range of physical phenomena.
Additional information about the original electronic state is contained in
the electron momentum which can be related to the wave-vector, k, in the solid.
The incident photon carries very little momentum for energies below several keV,
so that the emitted electron's momentum comes almost completely from the
crystal lattice. The emission directions of electrons at a particular energy give the
final-state momenta, and from these we can determine the distribution of initialstate electron momenta. If we assume that the electron is emitted into a planewave final state, then
^

n1 k 2 n 2

E- v° =!

^

2^

„ 2

,

2s

(ki+ kf)

(3)

In this expression, E is the kinetic energy as measured in vacuum and V0 is the
inner potential, a term that describes the zero of potential energy. The electron
momentum, k, is split into two components: kn which is the component parallel to
the crystal surface and kj_, the component perpendicular to the surface. The
parallel component of momentum is conserved when the electron is emitted from
the surface but the magnitude of the peipendicular component is reduced by the
potential barrier at the surface. The equation can be rewritten as
_ V2 n [ (Ecos 2 0 _ y
ft

j

k =

(E s in 2 0 ) 2

n

(4)
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This implies that by measuring the electron energy, E, and the angle of
electron emission,

0

measured from the surface normal, one has all the

information needed to map the electron dispersion relation, E(k), once the inner
potential has been determined. The inner potential, V0, can be determined by
studying band dispersion, E(k), near the zone boundaries where extremal binding
energies are often observed [5].
The photoemission process is a surface sensitive process. This can be seen
from the so called universal curve [21] shown in Fig. 1.1, which is the relation
between electron kinetic energy and its mean free path. The region covered by
UPS spectroscopy is from 10 to 200 eV which corresponds to less than
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A mean

free path, i.e. only those electrons within a few layers near the surface can escape
into the vacuum without collisions. Most of those electrons that do collide and
lose energy become secondary electrons appearing around zero kinetic energy in
the spectrum. This means that only the near surface region of the sample needs to
be clean and well ordered allowing measurements on samples with bulk
impurities and on thin film of materials.
A typical UPS spectrum from Cu(l 11) using 11.8 eV(Ar I) photon energy
is shown in Fig. 1.2. There are several features in the spectrum. The peak near to
6.5 eV kinetic energy is the surface state. The peaks between 3 eV and 5 eV
kinetic energy are from the 3d electrons of Cu(lll). The broad peak near 0 eV
kinetic energy is from the secondary electrons.
In the following chapters, part of chapter 3 has been published on J. Vac.
Sci. Technol. A [7] and part of chapter 4 has been accepted for publication on
Surf. Sci. [8 ].
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Figure 1.1. The photoelectron escape depth as a function of the kinetic energy
[21]. Electrons emitted from different materials have different escape depths, but
most results fall within the shaded area in this figure.
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Figure 1.2. A UPS spectrum from C u ( l l l ) obtained using 11.8 eV photon
energy. From this spectrum, we can get the work function (d>) of Cu(l 11) using
<E>= hv - (Efiinding + E ). At the Fermi edge (E=7.0 eV), EBinding = 0, hence O =
11.8-7.0 = 4.8 eV.

CHAPTER 2
EXPERIMENTAL METHOD
2.1

Ellipsoidal Mirror Analyzer
The energy analyzer used in our experiments is an ellipsoidal mirror

analyzer (EMA) designed and built at the National Institute of Standards and
Technology (NIST) by Stockbauer, et al. [22] based on the original design of
Eastman, et al. [23]. The EMA is a charged particle image display-type analyzer
system for energy and angular distribution measurements and is used for angleresolved photoemission spectroscopy (ARPES), angle-integrated photoemission
spectroscopy, and low-energy electron diffraction (LEED). In this work, the
EMA is used primarily for ARPES where the data is displayed as a two dimen
sional images of photoelectron angular distributions [24].
The schematic of the EMA is shown in Fig. 2.1 in a top view. It is based
on a concave ellipsoid machined into a Cu block. The ellipsoid has two focal
points. The sample, shown as the shaded rectangle in Fig. 2.1, is placed at one
focal point, and the emitted charged particles travel in straight line trajectories to
the mirror. On their way, they pass through grids Gi and G2 which accelerate or
decelerate the particles so that the analyzer can operate at a constant pass energy,
hence constant energy resolution, independent of the particle's initial energy.
Particles with a kinetic energy lesan obvious circular pattern in or are reflected to
the other focal point of the ellipsoid. An adjustable aperture is placed at this point
to control the angular resolution of the instrument. The second focal point is also
the entrance to a 3-grid (G4 -G6 ) retarding analyzer which passes particles that
have a kinetic energy higher than the potential on G5 . The combination of the low
pass (mirror), and high pass (G5 ) filters means that only those particles within

9

10

Ellipsoidal
Mirror

3-grid Retarding
Analyzer

G5
' G1
G2
G3

Pre-Retarding
Grids

Low-Pass Energy Filter

G6

G7

MicroChannel Plates /
Resistive Anode
Encoder

High-Pass Filter

Figure 2.1. Diagram of the ellipsoidal mirror analyzer. The mirror is machined
from Cu, the grids are Cr plated W mesh; all other grid supports and components
are constructed from Ti. They are self-aligning and can be individually biased.
From Ref. [24].
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a narrow band of energy reach the microchannel plate electron multiplier [24].
The two-dimensional detection is accomplished by a 75 mm resistive anode
encoder (RAE) behind the microchannel plate. This detection method provides
single particle detection with analog outputs giving the X and Y positions. The
analyzer accepts an angle of ~ 8 8 ° but the dimensions of the RAE restrict this
angle to ~64° [24].
Fig. 2.2 provides a schematic diagram of the potentials applied to the
various elements of the analyzer. The entire analyzer floats and all potentials are
relative. In Fig. 2.2, a schematic photoelectron energy distribution, originating at
the sample, is indicated by the shaded curve. Between the sample and Gi, a bias
can be applied; in this diagram it is zero. The electrons are accelerated (or
decelerated) between Gi and G2 to the pass energy. A potential is applied to the
mirror, relative to G 3 , to reflect electrons with an energy of (pass energy) +
(energy window)/2. Those with a higher energy collide with the mirror and are
removed from the spectra. The reflection places the electrons on trajectories
passing through the aperture at the second focal point. Between G4 and G5 , a
retarding potential is applied that allows only electrons of energy greater than
(pass energy) - (energy window)/2 to be transmitted. The overall effect is the
transmission of electrons at (pass energy) ± (energy window)/2 through G 7 to the
RAE. The energy scan is accomplished by the adjustment of the retarding
potential between Gi and G2 [24] with all other potential floating on G2 .
The EMA is controlled by a Macintosh computer through CAMAC
modules and programmable power supplies. The user controls the EMA using
graphic user interface (GUI), which also displays the spectra and images in real
time. Fig. 2.3 shows a block diagram of the EMA controls.
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Sample

Analyzer
Pass Energy

Figure 2.2. Diagram of potentials applied in a typical photoemission
measurement. At the left, the energy distribution of a photoelectron spectrum is
incident on the analyzer. The distribution of kinetic energies that are transmitted
through the analyzer to the detector are indicated; the high kinetic energy
electrons are removed at the mirror and the low kinetic energy electrons are
reflected back from G5. From Ref. [24].
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Figure 2.3. The schematic of the EMA. It is controlled by a Macintosh computer
through CAMAC and programmable power supplies. The data is collected by a
position computer.
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The EMA produces angle-integrated photoemission spectra by integrating
electron counts over all angles and scanning energy. By position discrimination
on the RAE output, an angle-resolved spectrum can be obtained.
The most convenient feature of the EMA is that it can be used to take
images of the angular distribution of emission from a band structure. In the usual
method of ARPES, a hemispherical analyzer is used to select electrons at a
specific emission angle which determines the wave vector sampled within the
Brillouin zone (BZ). The binding energies of the electrons are measured at that
wave vector. In using the EMA, the binding energy is selected and an image of
the complete angular dependence of all the bands located at that energy is
acquired, in effect sampling a horizontal slice of the band structure. This method
produces images that can be directly compared with band structure calculations
[24].
To obtain our data, we first take an angle-integrated photoemission
spectrum to locate the various features of the band structure. Fig. 2.4 shows such
a spectrum from Cu(100) crystal at an incident photon energy of 50 eV. The main
features in the spectrum are: the Fermi edge at 0 eV binding energy and the 3d
valence bands of Cu located between 2 eV and 6 eV binding energy. An image of
photoemitted electrons with 1.5 eV binding energy is shown in Fig. 2.5. In all the
images presented here the dark pixels correspond to low counts (i.e. fewer
electrons) and the bright pixels correspond to high counts. The image shown in
Fig. 2.5 has been corrected for detector efficiency since the transmission of the
analyzer and the gain of the microchannel plate varies from point to point. The
transmission was measured by acquiring an image using analyzer voltages that
were identical to those used for the Fermi surface image but with a photon energy
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Binding Energy (eV)
Figure 2.4. Angle-integrated photoemission spectrum from Cu(100) obtained
using 50 eV photon energy. The main features are the Fermi edge at 0 eV binding
energy and 3d valence band between 2 eV and 6 eV binding energy. The location
where the image in next figure (Fig. 2.4) was taken is indicated by the arrow. The
measurement was performed using the PGM beamline at the CAMD.
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Figure 2.5. Photoelectron angular distributions from the Cu(100) d-band
measured using 50 eV photon energy.
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that was typically 10 eV higher. Under these conditions the analyzer imaged only
secondary electrons and since they show no angular anisotropy in this energy
range, the resulting image directly measures the change in detector efficiency as a
function of angle. The data image is simply divided by detector efficiency image
to give the "raw" data images shown in Fig. 2.5. No further corrections were
applied for this image.
The "raw" data images show a substantial left-right intensity asymmetiy.
The primary source of the asymmetry is the polarization dependence of the
photoemission matrix element. Photons are incident on the surface at an angle of
~ 45° giving a mixture of s- and p- polarization with the s-polarization aligned
along the horizontal direction in the images. Different polarization dependencies
have been observed for emission from different Cu d-bands, i.e. for some d-bands
the left side is more intense, and for others, the right side is more intense due to
the different symmetries of the states. In Chapter 4, we will show the application
of a symmetrization method to remove this asymmetry.
2.2

CAMD and TGM Beamline
All of the measurements were performed using the Louisiana State

University's Center for Advanced Microstructures and Devices (CAMD)
synchrotron light source [25]. The synchrotron provides continuous spectrum
from infrared to x-rays, it is linear polarized light in the plane of the orbit, and it
has high intensity. The output of CAMD synchrotron is shown in Fig. 2.6. The
synchrotron emits a broad spectrum of radiation and a monochromator is used to
disperse the light to obtain specific photon energies. The primary beamline we
used is a toroidal grating monochromator (TGM). The TGM was constructed by
scientists from the Laboratorio Nacionale de Luz Sincrotron, Campinas, Brazil,

Photon flux (phot/s/mrad/200mA/l% bw)
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Figure 2.6. CAMD output at different beam energies

and installed at CAMD [26]. This TGM beamline has two gratings and can
provide photons in the energy range from 12 eV to 300 eV. The TGM is
controlled by a PC computer through stepping motors. We also use the plane
grating monochromator (PGM) beamline which is designed to deliver photons in
the energy range from 12 eV to 1500 eV [27].

CHAPTER 3
THE SURFACE STATE OF Cu(l 11)
3.1

Introduction
Metals have bands which cross the Fermi level at selected regions of the

Brillouin zone. In other regions, however, gaps exist at the Fermi energy similar
to those in insulators and semiconductors. Surface states can exist in these
"partial gaps" in metals. Here "partial gap" means that there are restricted regions
of the surface Brillouin zone (SBZ) that have no bulk states [5].
One of the most well known partial gaps in a metal is the "neck" in the
Fermi surface of Cu in the (111) direction. For all values of k along the (111)
direction, the central portion of this neck has no allowed states: a "partial gap"
when projected to the (111) surface. A surface state has been found to exist in
this gap. Several groups have measured this surface state [28-37]. It was first
observed by Garland and Slagsvold using ARPES [28]. They found a peak
roughly 0.4 eV below the Fermi energy for emission in the normal direction and
the absence of bulk continuum states in this region was a strong indication that
this was a surface state. This structure has also been observed by liver and
Nilsson [29], who reported that the energy position of the peak was apparently not
symmetric about the normal direction. Knapp, et al. found that the relative
photoionization cross section for emission from this surface state was a strongly
decreasing function of the photon energy for the photon energy range of 8 eV to
25 eV [30]. Louie, et al. used a broader energy range of 18 eV to 120 eV and
discovered a novel periodic oscillation in the surface state emission intensity
which lead to identification of an additional new surface state [31]. Heimann, et
al. [32] conducted a more complete ARPES measurement on both C u (lll) and
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Cu(lOO) and identified this later surface state by comparison of the two data sets.
Kevan studied the peak width of the surface state and found that it increased on
approaching the Fermi energy, a result contrary to predictions based on final-state
lifetimes. The effect was explained in terms of inherent energy and/or momentum
broadening of the surface state wave function [34].
Theoretical calculations to model the surface state were done by several
groups [37-43]. Sohn, et al. used parametrized linear-combination-of-atomicorbitals (LCAO) calculations to study the energy band of C u (lll) [37]. They
found a free-electron-like surface state which lay well above the Fermi energy in
contradiction with the experimental results. Danese and Soven used the dipole
approximation to calculate the photoemission cross section of the surface state
and their results show a much improved agreement with the experiments [38].
Dempsey and Kleinman's extended-Hiickel calculations of the (111) surface of Cu
showed that the surface state lies 0.1 eV above the Fermi energy [39], also in
disagreement with experiments. Euceda, et al. [40] presented an accurate selfconsistent linear combination of Gaussian orbitals (LCGO) calculation of the
energy band for C u (lll). Their results shown an excellent agreement with
ARPES's.
Our study of the surface state of Cu(l 11) is primarily a demonstration that
the EMA can greatly facilitate the acquisition of the large amount of data needed
to investigate of the dispersion of electronic structure. This study provides a new
perspective on these types of measurements, displaying all of the features
observed experimentally in a few sample images.

3.2

Experiments
The measurements were performed using the TGM beamline at the

CAMD synchrotron light source. The light was incident at an angle of 45* to the
surface normal. The overall energy resolution of the EMA was ~ 0.13 eV with an
analyzer pass energy of 35 eV. This high pass energy compensated for the
relatively low photon flux available at the 12eV photon energy. This low photon
energy was necessary to provide a large cross section for the surface state
emission [31]. The measurement time was 5 minutes for each surface state image.
The chamber base pressure was ~ 2.0xlCH° Torr and the Cu crystal was
cleaned in situ by repeated cycles of Ar+ sputtering and annealing to 650 *C.
3.3

Results and Discussion
Fig. 3.1 shows two normal emission UPS spectra from C u (lll) at an

incident photon energy of 12 eV. The solid line is from a clean Cu(l 11) surface
and the dashed line is from the surface after dosing with 100 L O 2 . The spectrum
from clean Cu exhibits three main features: a surface state about 0.4 eV below the
Fermi level and the double-peaked 3d valence bands of Cu located at 2.5 eV and
3.7 eV binding energy. From the dashed line, one can clearly see that the surface
state is quenched by the adsorbate. By selecting different kinetic energies and
therefore different binding energies with the EMA, we can image the angular
distribution of any of these electronic states.
Three such images from the C u (lll) surface state obtained at three
different binding energies are shown in Fig. 3.2-3.4. In these images the dark
pixels correspond to low counts (i.e. fewer electrons) and the bright pixels
correspond to high counts.

The images shown in these figures have been

corrected for detector efficiency.
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Figure 3.1. Photoemission spectra from C u (lll) at 12 eV photon energy. The
solid line is from the clean surface and the dashed line is from the surface after
dosing with 100L O 2 . It is clear that the surface state is quenched by the
adsorbate.

Figure 3.2. The image of the Cu(l 11) surface state at 0.03 eV binding energy.

Figure 3.3. The image of the Cu(l 11) surface state at 0.23 eV binding energy.

Figure 3.4. The image of the Cu(l 11) surface state at 0.43 eV binding energy.
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Examining these images, one notices that the patterns are circular and that
the width broadens as the binding energy decreases. This k-vector broadening is
due to a combination of the energy resolution of the analyzer and the dispersion of
the surface state. This is demonstrated in Fig. 3.5, which shows the parabolic
shaped surface state dispersion. Our results are in excellent agreement with the
calculation of the energy bands of an 18-layer Cu (111) film by Euceda, et al. [40]
using a linear combination of Gaussian orbitals (LCGO) and with high resolution
photoemission measurements by Kevan [34].

We find that the k-vector

broadening for the 0.03 eV binding energy image is ~ 0.5 A '1, corresponding to 2 ’
angular broadening. The broadening in the 0.23 eV binding energy image is ~ 0.8
A -1, corresponding to a 4° width. Dispersion in the 0.43 eV image was not

resolved which reduces the ring to a spot.
In Fig. 3.6, the photoelectron angular distributions from the C u (lll)
surface state at three different binding energies are stacked and projected back to
the three dimensional E vs k-space. One can clearly see the "parabolic cup" of the
surface state from the images. This provides a different perspective of surface
states, showing the full E(k) dispersion in a few sample images.

-.2

Figure 3.5. k-vector broadening caused by a combination of the energy resolution of
the analyzer and the dispersion of the surface state. The parabolic curve is the surface
state dispersion[34]. The dark region is the projected bulk continuum of states. The
lightly shaded regions indicate the k-vector broadening.
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Figure 3.6. Photoelectron angular distributions from the Cu(l 11) surface state in the
three dimensional E vs k space. Also shown is the “parabolic cup” indicated by dark
curve.

CHAPTER 4
THE FERMI SURFACE OF Cu
4.1

Introduction
The ground state of N Bloch electrons is constructed by occupying all

levels with energy En(k) less than Ep, where n and k are the quantum numbers.
En(k) does not have the simple explicit free electron form, and k must be confined
to a single primitive cell of the reciprocal lattice if each level is to be counted only
once. When the lowest of these levels are filled by a specified number of
electrons, a number of bands may be only partially filled. When this occurs, the
energy of the highest occupied level, the Fermi energy Ep, lies within one or more
bands. For each partially filled band there will be a surface in k-space separating
the occupied from the unoccupied levels. The set of all such surfaces is known as
the Fermi surface, and is the generalization to Bloch electrons of the free electron
Fermi surface [44].
The nature of these occupied electronic levels determine the behavior of
materials such as high-temperature superconductors and heavy fermion systems.
There, the characters of the electron orbits determine parameters such as
conductivity, mobility, etc. The shape of the Fermi surface is intimately involved
in the transport coefficients of a metal as well as in its equilibrium and optical
properties [44].
ARPES has been a successful tool to study the electronic structure of
materials [5] and the technique has been applied to single-crystal copper by
several groups [45-57]. The continued interest in copper is due to its place as an
ideal theoretical and experimental testing ground for understanding the electronic
structure and various excitation processes of non-simple materials, i.e. materials
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containing d-electrons. Cu is nonmagnetic and its band structure can be well
described by nonrelativistic calculations [30]. liver and Nilsson [29] used direct
interband transitions in the bulk to interpret their ARPES data of Cu and found
that the only peak that falls outside of this interpretation is that due to the surface
state. Dietz, et al. [49] found strong polarization effects in the ARPES from a
C u ( lll) surface using plane polarized light at normal incidence.

This

polarization dependence revealed the symmetry and k vector of the states
involved, in particular for excitation from d states. Knapp, et al. [30] using
ARPES with polarized synchrotron radiation determined copper energy band
dispersions and electron lifetimes. Dispersion relations for the occupied s-p and
3d bands of Cu along the T-X and T-L symmetry lines were determined with an
accuracy of 0.05-0.1 eV.

Westphal and Goldmann [52] investigated the

photoemission spectra from Cu(001) and C u (lll), and their experimental results
were in very good agreement with simple calculations based on Burdick's initial
state [61] band structure and a free electron like final state. Courths, et al. [53]
used the triangulation method to determine the electronic band structure of Cu
along (001), (110), and (111) direction. Together with normal emission data an
almost complete experimental band structure below the Fermi energy is derived
which clearly shows the spin-orbit splitting of the d-bands. Besides the ARPES
measurements of band structures along high symmetry lines, there are also
experiments aimed at direct measurement of the Fermi surface of copper using
photoemission. Foo, et al. [58] used a toroidal energy analyzer to obtain images
of the intensity of emission from the (001) and (111) surfaces of Copper. Their
data show the expected symmetry but the features are not clear.

With a

commercial hemispherical energy analyzer, Aebi, et al. [6,59] used sequential

angle scanning data acquisition [60], to map the intensities within a narrow energy
window at the Fermi surface for Cu. This technique allowed them to obtain one
cross section of the Fermi surface using a photon energy of 21.2 eV (He I). Their
typical measurement time is about six hours, however, and this can be a drawback
when time is an important issue.
Theoretically, Burdick [61] calculated the energy bands and determined
the Fermi surface, and density of states for copper using augmented plane wave
(APW) method.

His results show not only qualitative but in most cases

quantitative agreement with the experiments. Berglund and Spicer [62-63]
derived theoretical expressions for the quantum yield and for the energy
distribution of photoelectrons assuming bulk photoemission from a solid. Their
calculation related optical transition probabilities, optical constants, and mean free
paths for inelastic scattering in a solid to quantities which could be measured in
photoemission experiments. Janak, et al. [64] presented a two-parameter self
consistent theory of the electronic structure of copper. In their theory, the first
parameter was adjusted so that the ground-state energy bands generate the
measured Fermi surface.

The second parameter was adjusted to optical-

absorption data. The theory treated all electrons identically and provided a more
accurate unified interpretation of the Fermi surface. Also, Kleinman's group
calculated the energy bands of bulk copper and copper thin films [65-69].
4.2

Experiments
The measurements were performed using CAMD synchrotron light source

and the TGM beamline. In the data presented here, the overall energy resolution
(photons and electrons) was ~ 0.1 eV with an analyzer pass energy of 25 eV. The
azimuthal orientation of the crystal is established with low energy electron
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diffraction (LEED), which is performed within the EMA using an ancillary
electron gun. The typical measurement time for each image was 15 minutes. The
measurement was at room temperature.
The chamber base pressure was ~ 2.0xl0'10 Torr and the Cu samples were
cleaned in situ by repeated cycles of Ar* sputtering and annealing to 650 *C.
4.3

Results and Discussion
Fig. 4.1 shows an angle integrated photoemission spectrum from C u (lll)

at an incident photon energy of 60 eV. Again, the main features in the spectrum
are the s-p-band Fermi edge at 0 eV binding energy and the 3d valence bands of
Cu between 2 eV and 6 eV.
To interpret the structure in the images we have obtained, we must
determine the correspondence between the measured electron k-vector and its
location in the BZ. This can be established using a conventional technique in
ARPES: search for critical points at the zone boundary where strongly dispersing
electron bands often have extremal binding energies [5]. This is accomplished by
obtaining hv-dependent normal-emission spectra (±3°) along the (111) direction.
By comparing the dispersion of the observed states with theoretically predicted
dispersions [61], the kj_-vector correspondence from T to L can be established.
Assuming free electron final states, an inner potential of 8.5 eV is found to give
good agreement with our measurements. Previous studies found inner potential
between 7.0 and 8.9 eV [70]. This issue has been addressed by Westphal and
Goldmann [52].
With this parameter, we can identify the initial states sampled in the bulk
BZ. Fig. 4.2 shows a schematic of free electron final states intersecting with the
Fermi surface of Cu in rLUX/TLKL plane. The contours enclosing the shaded
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Figure 4.1. Photoemission spectrum from C u (lll) obtained using 60 eV photon
energy.
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Figure 4.2. Intersection of the free electron spheres excited by a photon energies of
75eV,90eV, 100eV,and 120eV (circular curves from bottom to top) with Cu Fermi
surface (shaded contours). The intersections show the locations in k-space where
photoelectron excitations are possible.

35
area are the Fermi surface cross sections resulting from a combination of theory
and dHvA measurements [61,71]. The two lines, TA and TA', indicate the
angular acceptance of the EMA and four curves represent final state free electron
spheres (from 0 eV binding energy) excited by photon energies 75 eV, 90 eV, 100
eV, and 120 eV respectively (from bottom to top). The intersections of the free
electron spheres with the Fermi surface show the locations in k-space where
photoelectron excitations are possible. Note that the intersections occur only at
the edges of the shaded area in 4.2. By changing photon energy, it is clear that we
can sample the full Fermi surface. In Fig. 4.3, we show the three dimensional BZ
of the bulk Fermi surface of Cu viewed along the (111) direction. Notice that
there is a 3-fold symmetry along this direction since the "Fermi spheres" are
connected through the (111) direction.
Photoelectron angular distributions from the bulk Fermi surface of
C u (lll) obtained using 75 eV and 90 eV photon energies are shown in Fig. 4.4.
These are "raw" data images and show a substantial left-right intensity asymmetry
which, as discussed in Section 2.1, is due to the polarization dependence of the
photoemission matrix element. Again, photons are incident on the surface at an
angle of ~ 45° giving equal amounts of s- and p- polarization with the spolarization aligned along the horizontal direction in the images. For emission
from some Cu d-bands, the left side is more intense, and for others, the right side
is more intense due to the different symmetries of the states.
We are interested in observing all regions of the BZ that give allowed
transitions to our selected free electron final state, regardless of the polarization
influence on the intensity of those transitions. To reliably assess this, ideally we
should obtain data sets with unpolarized light or with the s component of the light

Figure 4.3. The Cu Fermi surface viewing in the (111) direction. Notice the three
fold symmetry.

Figure 4.4. Photoelectron angular distributions from the C u (lll) Fermi surface
measured using 75 eV (top) and 90 eV (bottom) photon energies.
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aligned along all of the inequivalent crystal axes. The initial experimental
configuration did not allow for azimuthal sample rotation but we can, as a first
order approximation, remove much of the polarization dependence from the
results by simple data processing. We use a symmetrization operation that
consists of applying all of the symmetry operations of the (111) direction, i.e.
rotating the image by 120° and adding to the original. Note that this requires that
we sum 2-fold reflections as well. The rotations were then repeated resulting in
the 3-fold symmetric image. We also center the images along the surface normal.
This procedure is equivalent to averaging data with polarization along all of the
inequivalent crystal directions. The symmetrized images produced from the data
in Fig. 4.4 are presented in Fig. 4.5. We emphasize that all of the features seen in
the symmetrized data are evident in the raw images and no new structure have
been introduced. All of the images that we present here are broadened in k-space
due to the intrinsic angular and energy resolution of the analyzer combined with
the dispersion of the electronic states [7,24]. To visualize the features better, we
extract contours from those images by selecting local maximum pixel points from
the symmetrized images. The contours are shown in Fig. 4.6.
The center of these images corresponds to the T to L axis. To understand
the patterns in these images, we use the free electron final state approximation.
Referring to Fig. 4.2, as mentioned before, the intersections of the free electron
spheres with the bulk Fermi surface are the locations where photoelectron
excitations are possible. For the 75 eV photon energy which is represented by the
bottom arc, we expect to see a small circle at the center of the image since the free
electron sphere intersects the Fermi surface at the "neck" near L in the second BZ.
Near the edges we expect to see six partial ring patterns: three in the T to X

Figure 4.5. The symmetrized images produced from the data in figure 4.4.
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Figure 4.6. Contours extracted from the symmetrized images in figure 4.5.
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direction from the intersection with the Fermi spheres on the left and right, and an
additional three interspersed in the T to L direction. Our experimental results
show that the 75 eV image has six partial circular patterns at the edges which is in
excellent agreement with the prediction. The one discrepancy with the predictions
is the we observe a spot at the center instead of a ring. This is due to the
contribution of the surface state described in Chapter 3 that has maximum
intensity near Kl in the second BZ [7,35]. For the 90 eV image, we expect to see
a large ring at the center and six partial circles at the edge which is precisely what
we observed in Fig. 4.4-4.6.
The images of the bulk Fermi surface using 100 eV and 120 eV photon
energies are shown in Fig. 4.7 as raw data, in Fig. 4.8 as symmetrized data, and in
Fig. 4.9 as contours. Again referring to the diagram in Fig. 4.2, the 100 eV image
should have almost the same pattern as the 90 eV. The 120 eV image shows the
"neck" in L direction since the free electron curve intersects the Fermi sphere
through the neck in the L direction.
In order to construct the three dimensional Fermi surface from this data,
the extracted contours are projected back to three dimensional k-space using the
free electron final state. The contours in Fig. 4.6 and 4.9 are used to construct this
bulk Fermi surface by stacking the images in a perspective schematic as shown in
Fig. 4.10. The shape of the three dimensional Fermi surface is precisely as
expected and quantitatively, the ratio of the area of the "belly" to that of the
"neck" from our measurements is 26.3. This is in good agreement with previous
dHvA measurements of 27.0 [71].
In order to investigate the Fermi surface from a different perspective, we
recorded similar data from a Cu(100) surface. One of these Fermi surface images

Figure 4.7. Photoelectron angular distributions from the C u (lll) Fermi surface
measured using 100 eV (top) and 120 eV (bottom) photon energies.

Figure 4.8. The symmetrized images produced from the data in figure 4.7.

Figure 4.9. Contours extracted from the symmetrized images in figure 4.8.

Figure 4.10. The Fermi surface of Cu is assembled in 3D k-space using the contours
in figure 4.6 and figure 4.9. The ratio of the area of belly to the area of neck is 26.3.

is shown in Fig. 4.11 for a photon energy of 95 eV. The symmetrized image
produced from the data in Fig. 4.11(a) is presented in Fig. 4.11(b). In Fig. 4.12
we show a schematic of a free electron final state for this photon energy,
intersecting with the Fermi surface of Cu in the (100) direction. The intersections
where we expect to observe photoemitted electrons are shown as white arcs and,
as can be seen by comparing with Fig. 4.11, these expectations agree well with the
features observed.

Figure 4.11. Photoelectron angular distributions from the Cu Fermi surface in (100)
direction measured using 95 eV photon energy (top); the corresponding symmetrized
data (bottom).
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Figure 4.12. The intersection of the free electron sphere, excited by a photon energy
of 95 eV, with the Cu Fermi surface in the (100) direction. The intersections,
indicated by the white arcs, correspond to the bright features in figure 4.11.

CHAPTER 5
Cu/Ru(0001) BIMETALLIC SYSTEM
5.1

Introduction
Bimetallic surfaces are used extensively in many important industrial

processes in the areas of catalysis, electrochemistry, magnetics, and micro
electronics fabrication [72]. These materials can be prepared and studied under
carefully controlled conditions, offer the promise of an understanding of the
relationship between structural and electronic properties [14]. Most research to
date has focused on so called "pseudomorphic growth" systems. The term
"pseudomorphic growth" refers to a situation where the metal overlayer adopts a
lattice constant which differs from its bulk crystal structure, matching coherently
the lattice of the underlying substrate [72]. Cu/Ru(0001) is a typical example of
this type of growth. Generally under certain conditions, only the first monolayer
grows pseudomorphically, while subsequent layers tend to adopt lattice constants
that are closer to the bulk crystal structure of the admetal [72],
Cu/Ru(0001) has been studied by several groups using different
techniques [10,11,14,72-88]. The initial studies concentrated on determining the
crystal structure of the system. Christmann, et al. [74] studied the system where
various amounts of Cu were deposited at 540 K ( called the 540 K series) on a
Ru(0001) crystal surface. They used LEED, Auger electron spectroscopy (AES),
thermal desorption spectroscopy (TDS), and work function measurements to
study the growth process. They concluded that the process might be divided into
three stages: (1) a two dimensional Cu growth phase up to 0.6 monolayer (ML)
coverage. (2) coalescence and transition from the 2D to the 3D Cu phase. In this
region, the coverage ranges from 0.6 ML to 1.2 ML. (3) 3D layer growth leading
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to an epitaxial Cu film with (111) orientation. Vickerman, et al. [80] used AES,
TDS, work function measurements, and ARPES to study the 540 K series and a
new series (called 1080 K series) prepared by deposition on the Ru(0001)
substrate kept at 1080 K. They believed that the completion of the first ML in
1080 K series was followed by layer-by-layer growth (Frank-van der Merwe or
FM mechanism) while the 540 K series initially formed 2D clusters but 3D
islands developed (Stranski-Krastanov or SK mechanism) before completion of
the first ML. The UPS measurements in 1080 K series showed the lack of any
bulk band dispersion phenomena in the system indicating that the Cu was mostly
a two dimensional Cu film. Park, et al. [11] studied this overlayer system
prepared in a different way. They deposited a thick Ru(0001) film epitaxially on
a Mo(l 10) surface under UHV to avoid having to clean a bulk Ru crystal. Using
this clean Ru(0001) film as a substrate, the room temperature growth of up to 5
ML of Cu was studied by AES, LEED, and work function change measurements.
Their results differed from Christmann's and Vickerman's in that they found the
Cu grew by the FM method at 300 K while it was SK growth at 1080 K series.
Houston, et al. [10] deposited Cu on Ru(0001) kept at 100 K followed by
annealing the system to 300 K to generate 2D islands pseudomorphic to the
Ru(0001) substrate. Using AES, LEED, and TDS, they found that this behavior
continued to the 1 ML level. Additional Cu deposition to 2 ML showed a similar
2D island growth but with an epitaxial Cu(l 11) structure. Subsequent annealing
to 900 K enhanced the 2D character of the film but did not affect the overall
structure. Their results were consistent with those of Park, et al. Houston, et al.
[84] used ARPES to study Cu deposited on Ru(0001) kept at room temperature.
The data near the K point in the surface BZ revealed a state 1.5 eV below the
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Fermi level which was not visible in either the clean Ru(0001) or thick Cu
overlayer spectra. Surface linearized, augmented plane-wave calculations showed
this state to be the antibonding partner of a pair of Cu(3d)-Ru(4d)-derived
interface states.
We choose to study this system since the Fermi surface of both Cu and Ru
single crystals have been studied using the EMA [7, 8, 24]. This is the first
investigation of electronic properties of this thin-film system near the Fermi
surface. By studying the Cu/Ru system, we can obtain a better understanding of
the physical processes involved in formation of the bimetallic layer. The Fermi
surface of two dimension Cu/Ru(0001) has not been obtained before and is the
subject of this investigation.
5.2

Experiments
The measurements were again performed using the TGM beamline at the

CAMD synchrotron light source, and the EMA. The overall resolution was about
100 meV with an analyzer pass energy of 25 eV. The azimuthal orientation of the
crystal was established with LEED, which was performed within the EMA using
an ancillary electron gun. The typical measurement time for each image was 12
minutes for the Fermi surface and 5 minutes for the interface state.
The Ru(0001) sample was spot-welded between two platinum wires and
attached to the sample manipulator. It is electrically isolated for the purpose of
electron bombardment. The crystal can be heated by a filament located on its
reverse side. The temperature measurement was achieved by a W-5%Re/W26%Re thermocouple spot-welded to the back of the crystal.
Cu was evaporated onto the Ru(0001) from a resistively heated W helical
filament enclosing a piece of high purity Cu. The Cu source was thoroughly
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outgassed before the evaporation. The deposition was controlled by varying the
current through the W filament. During the Cu deposition, the Ru was kept at
room temperature, and after the evaporation, was flashed to 600 C° to make film
uniform.
The chamber pressure was ~ 6.0x10" 10 Torr during the deposition and ~
2.0x10" 10 Torr during the measurement.
5.3

Results and Discussion

5.3.1

The Fermi Surface of Two Dimensional Cu
Fig. 5.1 shows the angle integrated photoemission spectra from clean

Ru(0001) and approximately one monolayer Cu/Ru(0001) taken at an incident
photon energy of 28 eV. The spectra have been normalized to have equal
intensity in the region of the Fermi edge. This procedure compensates for
attenuation that results from the Ru electrons passing through the Cu overlayer
[14]. The spectra show a peak around 2.7 eV binding energy that arises from
surface state of Cu [84]. To study the characteristics of a monolayer Cu film, we
subtract the clean Ru spectrum from that of Cu/Ru. The results of this subtraction
are shown in Fig. 5.2 (solid line) where we also show the spectrum from C u (lll)
(dash line). In this figure, the structure near 2.7 eV binding energy in C u (lll)
spectrum is due to the 3d band of L3 symmetry along the L line in the bulk BZ,
while the feature near 3.7 eV binding energy is due to transitions from the s-p
band of LI symmetry [30]. In comparison, we see two new features in (Cu/Ru Ru) spectrum, they are the structure around 1.5 eV binding energy and the one
around the Fermi edge. The 1.5 eV feature is from the Cu/Ru interface state, a
state which is not seen for either Cu or Ru separately but exists because of the
interface [14, 84].

The Fermi edge feature is due to the Fermi surface
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Figure 5.1. The angle integrated photoemission spectra from clean Ru(0001)
(dash line) and Cu/Ru(0001) (solid line) with ~ 1ML Cu coverage at an incident
photon energy of 28 eV. The spectra have been normalized to be of equal
intensity in the region of the Fermi edge.
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Figure 5.2. The spectrum resulting from subtraction of Ru(0001) spectrum from
Cu/Ru(0001) spectrum (solid line) and the one from clean C u (lll) (dash line).
Noticing the feature near the Fermi edge (0.0 binding energy) and the one at 1.5
eV binding energy in Cu/Ru-Ru spectrum. The disappearance of 3.5 eV peak in
this spectrum is an indication of two dimensional Cu coverage on Ru [30].

of two dimensional Cu film. The disappearance of the 3.7 eV feature is additional
evidence for two dimensional Cu coverage since it is associated with bulk Cu
states [30]. In the following, we will show images of the Fermi surface of 2D Cu
and of the interface state.
Fig. 5.3 shows the photoelectron angular distributions from the Ru(0001)
Fermi surface and Cu/Ru(0001) Fermi surface obtained using 28 eV photon
energy. This photon energy was chosen since it would sample the full BZ
assuming a free electron final state [24]. The images again are the “raw” data
which have only been corrected for detector efficiency and they show a
substantial left-right intensity asymmetry from the polarization dependence of the
photoemission matrix element.

Again, we have used the symmetrization

operation to remove much of the polarization dependence from the data and
symmetrized images are presented in Fig. 5.4.
The most striking difference in the two images is the 30° rotation of the
central part (hexagonal pattern) of the Fermi surface image of Cu/Ru when
compared the Fermi surface of Ru. The size of the image is also smaller. This
pattern is result from the deposition of Cu onto Ru. Houston, et al. found that the
deposition of Cu would not affect the intensity of the Fermi surface of Ru[86].
We conclude that this pattern is due to the two dimensional Cu thin film while the
surrounding pattern is due to the Ru substrate. To support this conclusion, we can
compare our results with theoretical calculations of a single-layer of Cu(l 11) [13].
Fig. 5.5(a) shows the calculated band structure of the C u (lll) monolayer in the
surface BZ [13] and Fig. 5.5(b) shows the expected Fermi surface pattern of two
dimensional C u (lll) obtained using a free electron final state. Comparing this
pattern with our image (Fig. 5.6), we find that there is an excellent agreement.

Figure 5.3. The photoelectron angular distributions from the Ru Fermi surface in
(0001) direction (top) and from the Fermi surface of Cu/Ru(0001) system (bottom)
obtained using 28 eV photon energy.

Figure 5.4. The symmetrized images obtained from the data in figure 5.3.
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Figure 5.5. The calculated band structure of the Cu(l 11) monolayer in the surface BZ
(top) [13] and the expected Fermi surface pattern of two dimensional C u (lll)
obtained using a free electron final state (bottom).
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Figure 5.6. The expected pattern of the two dimensional Cu(l 11) Fermi surface (top)
and our experimental result (bottom).
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5.3.2. The Interface State of Cu/Ru Bimetallic System
The interaction between Cu 3d-electrons and Ru 4d-electrons generates
the interface state at a binding energy of 1.5 eV. This interface state was first
observed by Houston, et al. [84]. Experimentally they collected a set of spectra
along a particular symmetry line (T to K) with increasing Cu coverage and found
that the peak around 1.5 eV saturated at one monolayer while the peaks
corresponding to Cu band continued to increase as the coverage increased.
Theoretically, they used a linearized, augmented plan-wave (LAPW) method [89]
to calculate the band structure of a five layer Ru(0001) slab covered on both sides
by a 1 ML pseudomorphic Cu film. The Ru atoms were placed in their bulk
positions and the Cu atoms were placed in plausible adsorption sites. The
calculations probe interface behavior by identifying states that have wave
functions strongly localized on the Cu and outmost Ru layers with little
contribution in the three internal "bulk" layers. The band structure is shown in
Fig. 5.7. From the band the interface nature of 1.5 eV binding energy feature was
confirmed [14,84]. Although the state was identified, the measurements were
only taken near the K point in the surface BZ for the Ru(0001) surface meaning
that only one point in the k-space was measured.
We obtained a full image of this interface state, i.e. we have measured all
points in the surface BZ. The photoelectron angle distribution of the interface
state is shown in Fig. 5.8 obtained using 65 eV photon energy. We chose a higher
photon energy than what we used for the Fermi surface measurement because the
interface state is located near the boundary of the surface BZ.

Since the

acceptance angle of the analyzer is ~ 64°, in order to obtain a full image of the
BZ, we needed to use a higher photon energy which would produce electrons with
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f

K

Figure 5.7. Calculated band of the Cu/Ru(0001). The gray areas are the Ru band.
The dark lines are the interface state of Cu/Ru and surface state of Cu. The state
at -1.5 eV binding energy is the antibonding interface state, the -2.6 eV one is the
surface state, and the -3.7 eV is the bonding interface state. From Ref. [14].

Figure 5.8. The photoelectron angular distribution from the clean Ru(0001) (tov)
and from the Cu/Ru(0001) system (bottom) at 1.5 eV binding energy.
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high kinetic energy and hence allow the mapping of larger area of the surface BZ.
The images of Fig. 5.8 are the "raw" data from the clean Ru(0001) and from the
Cu/Ru(0001) system. The symmetrized images are shown in Fig. 5.9. In the
Cu/Ru image, there is an obvious circular pattern in the middle part of the image
which is not seen in either clean Ru(0001) or clean Cu(l 11) images [8, 24]. To
have a better view of this feature, we subtracted clean Ru from the Cu/Ru(0001)
image, resulting in the image shown in Fig. 5.10.

In agreement with the

theoretical result [14, 84], this pattern is from the interface state that is generated
by the strong interaction between Cu 3d and Ru 4d-electrons.
Our study gives detail structure of the interface state in full surface BZ.
From our result we conclude that the interface state is located near the boundary
of the surface BZ and it has a circular pattern in reciprocal lattice.

Figure 5.9. The symmetrized images obtained from the data in figure 5.7; clean
Ru(0001) on top and Cu/Ru(0001) on the bottom.

Figure 5.10. The image obtained by subtracting the clean Ru image from the Cu/
Ru(0001) image. The large circular pattern is the interface state.

CHAPTER 6
CONCLUSIONS
We have studied the surface state of C u (lll), the Fermi surface of Cu in
(111) and (100) directions, the Fermi surface of a two-dimensional Cu/Ru(0001)
film, and the interface state of the Cu/Ru(0001) bimetallic system using the EMA.
We have demonstrated that the features in the images taken by the EMA
are directly correlated to the electronic dispersion of the materials and the
experimental data can be obtained reliably in a minimum amount of time and
effort.
The images of the surface state of C u (lll) show the k-vector broadening
as the binding energy decreases due to a combination of the energy resolution of
the analyzer and the dispersion of the surface state. The results are in excellent
agreement with both theoretical calculations and with high resolution photo
emission measurements.
We have measured the Fermi surface of Cu and have shown that the full
BZ can be mapped by changing the photon energy.

The Fermi surface is

assembled in three dimensional k-space. From our results, the ratio of the area of
the "belly" to that of the "neck" is 26.3. This is in good agreement with previous
dHvA measurements of 27.0.
We have performed the first measurement of the Fermi surface of a two
dimensional Cu/Ru(0001) thin film system. The results are in excellent agree
ment with the theoretical calculations. We have also studied the interface state in
full surface BZ and showed that the interface state is located near the boundary of
the surface BZ.
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APPENDIX A
SAMPLE CLEANING PROCEDURES
A.I. C u (lll) and Cu(100)
The Cu sample (3/8 " in diameter and 2 mm in thickness for Cu(l 11) and
1/2" in diameter and 2 mm in thickness for Cu(100)) was put in a tantalum holder
and mounted on a XYZR sample manipulator. A tungsten filament was placed
about 1/8" behind the sample for the purpose of annealing.

The sample

temperature was monitored by a w-5% Re vs W-26% Re thermocouple spotwelded to the side of the holder. A copper wire was also connected to the holder
for applying high voltage on the sample (Fig. A.l).
The typical cleaning procedure starts with Ar+ sputtering. It is performed
as following:
1) flashing titanium sublimate pump (TSP),
2) switching off the ion pump,
3) filling the chamber with Ar gas to 5.0xl0E-5 Torr,
4) adjusting ion gun filament current to about 25 mA,
5) setting high voltage on the ion gun controller to 500 V,
6) adjusting the ion gun focus so that the sample current is about half of the
maximum,
7) sputtering for 30 minutes.
The sample current is monitored by connecting a multimeter to the high
voltage feedthrough. After the sputtering is completed, we start annealing by
heating the Cu sample to about 600 C°. This is done by resistance heating of the
tungsten filament and by applying about 800 volts on the sample for electron
bombardment.
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A.2. Ru(0001)
The size of our Ru sample is about 3/10" x 1/2" and 1 mm thickness. A U
shape Pt wire is spot-welded to it with a small piece of rectangular shape tantalum
attaching on the wire. The sample is mounted on a XYZR manipulator. A
tungsten filament was placed about 1/8" behind the sample for the purpose of
annealing. The sample temperature was monitored by a w-5% Re vs W-26% Re
thermocouple spot-welded to the sample side. A wire was also connected to the
holder for applying high voltage on the sample (Fig. A.2). The sample is
electrically isolated from the ground.
Typical cleaning procedures consist of heating the sample to 1200 C \
following by exposing to 5 Lanmuir oxygen (1 Lanmuir = 10*6 Torr-second), and
then heating to 1200 C° again.

pure Cu wire
Mounting holes
Thermocouple wires
sample

Figure A.I. A typical mounting for Cu sample.

pure Cu wire

Mounting holes
Pt wire

thermocouple wires
Ru sample

Figure A.2. A typical mounting for Ru sample.
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